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Edited by Hans EklundAbstract UvrB is the damage recognition element of the highly
conserved UvrABC pathway that functions in the removal of
bulky DNA adducts. Pivotal to this is the formation of a damage
detection complex that relies on the ability of UvrB to locate and
sequester diverse lesions. Whilst structures of UvrB bound to
DNA have recently been reported, none address the issue of le-
sion recognition. Here, we describe the crystal structure of UvrB
bound to a pentanucleotide containing a single ﬂuorescein-ad-
ducted thymine that reveals a unique mechanism for damage
detection entirely dependent on the exclusion of lesions larger
than an undamaged nucleotide.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Nucleotide excision repair is a highly conserved pathway
that eﬃciently corrects bulky DNA adducts that arise from
exposure to both endogenous and exogenous agents. In bacte-
ria, such lesions are targeted by the UvrABC mechanism com-
prising three proteins, UvrA, B and C, that act co-operatively
to form tracking, damage detection and incision complexes [1–
4]. Formation of the tracking complex involves assembly of a
UvrA2B2 heterotetramer that by means of a limited helicase
activity driven by UvrB, is able to locate potential sites of dam-
age typiﬁed by local distortions of the DNA duplex [5]. Once a
lesion is detected, the UvrA–B complex undergoes a substan-
tial conformational change in which the DNA becomes par-
tially unwound in close proximity to the adduct and a tight
UvrB–DNA complex formed, where the DNA becomes
‘‘wrapped’’ around UvrB [6]. The formation of this tight com-
plex is thought to promote the dissociation of UvrA yielding a
UvrB–DNA pre-incision complex although it is currently
uncertain whether this intermediate involves a UvrB dimer
or monomer. Assembly of the incision complex requires
recruitment of UvrC, that is thought to displace one of the
UvrB monomers, and is followed by dual incision of the dam-
age containing DNA strand. UvrC initially cleaves the fourth
or ﬁfth phosphodiester bond 3 0 to the damage that is rapidly
ensued by an incision at the eighth phosphodiester bond 5 0*Corresponding author. Fax: +44 207 631 6803.
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doi:10.1016/j.febslet.2006.10.051to the lesion site. The resulting, highly stable UvrBC–DNA
complex is dissociated by the DNA helicase UvrD, that also
displaces the damage containing DNA strand. The resultant
gapped duplex is then ﬁlled by DNA polymerase I and repair
completed by DNA ligase.
Despite extensive study of the UvrABC pathway, a number
of key issues remain outstanding concerning the role and func-
tion of UvrB in the detection of damage and formation of inci-
sion complexes. Amongst these are whether, owing to an
apparent lack of strand discrimination signals, the tracking
process occurs in both strands. More importantly, it is still
not known how lesions are recognised and subsequently pre-
sented to UvrC. Crystal structures of both apo UvrB and,
more recently, DNA-bound forms have been published [7–
11] revealing the conformational changes in the UvrB molecule
required for the formation of a DNA binding ‘‘competent’’
state and also the residues involved in forming protein–DNA
contacts. Despite this, the key questions concerning lesion
detection and recognition remain unanswered. In an attempt
to address these, we have determined to 2.95 A˚ the crystal
structure of a ternary complex involving Bacillus subtilis UvrB,
DNA containing a single ﬂuorescein-adducted thymine (T-
ﬂuorescein) and ADP. This structure reveals that damage rec-
ognition is mediated by the front face of the b-hairpin and
relies almost exclusively on the steric exclusion of lesions
from the b-hairpin/domain 1b interface. Based on the position
of the T-ﬂuorescein adduct, we are able to explain how UvrB
exhibits such a broad range of substrate speciﬁcity and specu-
late on how our structure may represent the precursor to the
pre-incision complex.2. Materials and methods
The UvrB protein was puriﬁed as previously described [10]. The
pentathymine oligonucleotide, (pTpTpXpTpT, where X is T-ﬂuores-
cein that has a ﬂuorescein group attached through a linker to carbon
5M of a thymine base, see Fig. 1A), was purchased from Eurogentec.
Protein complexes were assembled as described for the UvrB–trithy-
mine–ADP ternary complex [10] but with the trithymine substituted
by the ﬂuorescein-adducted pentathymine. Crystals grew from condi-
tions containing 18–20% PEG 20000, 0.1 M Tris–HCl (pH 8.0–9.0)
and after cryo-cooling following brief incubation in crystallisation buf-
fer to which 20% PEG 400 had been added, data were collected to
2.95 A˚ at the ESRF (beamline ID23-2) (see Table 1 for details). Struc-
ture determination was performed by molecular replacement (Molrep
[12]) using the protein co-ordinates from our previous ternary complex
obtained with trithymine (accession code 2D7D.pdb). Reﬁnement was
performed using Refmac5 with cycles of manual manipulation in O
[13]. The current model consists of 5318 atoms with all geometricalblished by Elsevier B.V. All rights reserved.
Table 1
X-ray data collection and reﬁnement statistics
Data collection
Cell dimensions (A˚) a = 74.41 b = 95.60 c = 97.88 a = b = c = 90
Space group P212121
Resolution range (A˚) 68–2.95
Rmerge (%) 9.4 (36.9)
a
Completeness 99.1 (99.3)
I/SigI 15.9 (5.2)
Multiplicity 5.3
Structure reﬁnement
No of atoms (protein) 5185
No of atoms (DNA) 105
No of atoms (ADP) 27
Rfree (%) 28.32
Rcryst (%) 20.53
Rmerge ¼
P
i
P
jj
P
I ij  hI iij
 
=
P
ihIji, where j are the set of obser-
vations for each reﬂection i.
Rcryst ¼
P
ikF oj  jF ck=
P jF oj.
Rfree = Rcryst for 5% of reﬂections omitted from reﬁnement.
aNumbers in parenthesis refer to the highest resolution shell.
T1
T2 TF3 T4
Flexible linker
PT5
A B
C
Fig. 1. (A) The molecular structure of T-ﬂuorescein. (B) An overview of the UvrB molecule (represented as a molecular surface) showing the relative
locations of the pentathymine molecule (cyan), the conserved b-hairpin (light green), domains 1a (yellow), 1b (grey), 2 (green) and 3 (pink). (C) A
magniﬁed view of the pentathymine molecule identifying the position of the T-ﬂuorescein adducted nucleotide, TF3 (magenta), together with
associated Fo  Fc omit map density contoured at 2.5r. The location of the lesion reveals that the damage is extruded away from the UvrB molecule.
PT5 denotes the 5 0 phosphate group of T5 that is the only visible moiety of this nucleotide. All ﬁgures were generated using Pymol (Delano Scientiﬁc,
www.pymol.org).
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lution. The co-ordinates have been deposited with the protein data-
bank (accession code 2NMV.pdb).3. Results
The pentathymine molecule (5 0-pT1-T2-TF3-T4-T5) where
TF3 is the ﬂuorescein adducted thymine base could be clearly
identiﬁed in preliminary maps. T1-T2-TF3 occupy positions at
the entrance to the b-hairpin similar to those of trithymine in
our previously published structure [10] consistent with the
analogous nucleotides in the stem loop complex recently pub-
lished by Truglio et al. [11] (Fig. 1B and 2). Density extending
from carbon 5M of TF3 could also be observed up to the ﬁrst
peptide group of the largely aliphatic linker connecting the
thymine base to the ﬂuorescein moiety (Fig. 1C). In addition,
density for the triple ring system of ﬂuorescein could be de-
tected at the base of the b-hairpin. T4 and T5 are located be-
hind the b-hairpin where T5 is highly disordered beyond its 5 0
Fig. 2. Superposition of the pentathymine (light blue), trithymine
(yellow) and stem–loop (grey) UvrB–DNA complexes. The ﬂuorescein
triple ring systems within the stem loop and pentathymine structures
are shown in orange and magenta respectively.
T.R. Waters et al. / FEBS Letters 580 (2006) 6423–6427 6425phosphate group PT5 (Figs. 1C and 3A). Similar to our previ-
ous structure [10], density for ADP could be identiﬁed in the
ATP binding site and for a helix–loop–helix dimer of a C-ter-
minal proteolytic fragment of UvrB spanning domains 1a and
3. The interactions involving these moieties are similar to those
previously described and will not be further commented upon.A
B
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Fig. 3. (A) Stereoview of the protein-DNA interactions involving the penta
conservation in relation to the previous complexes including hydrogen bond
Tyr96, a key residue in damage recognition, stacks against TF4 of the pentat
the phosphate group of the terminal nucleotide T5. (B) Stereoview of the ﬂuo
the helix spanning residues Lys67 to Ser75 in domain 1a and the b-hairpin ba
contacts with Phe88 and Glu118 are observed in addition to two hydrogen bo
and Ser75.3.1. The molecular basis for damage recognition
Comparison of our complex with the UvrB–DNA stem loop
structure of Truglio et al. that also contains a T-ﬂuorescein ad-
duct reveals a largely similar mode of binding with respect to
protein–DNA contacts at the N-terminus of the b-hairpin
involving residues Lys67, Ser91, Ser141 and Thr481 (Figs. 2
and 3A). However, the T-ﬂuorescein in the stem loop structure
is located away from the b-hairpin where it is intercalated in
the duplex region of the DNA and unable to mediate interac-
tions with UvrB (Fig. 2). Thus, the stem loop structure does
not represent a complex in which the T-ﬂuorescein is being
recognised as damage, but as the authors state, reveals how
UvrB binds to double stranded DNA with a 3 0 overhang. In
our complex, the T-ﬂuorescein nucleotide (TF3) is located at
the entrance to the b-hairpin/domain 1b cavity where the base
of the adjacent nucleotide (T4) packs against the N-terminus
of the b-hairpin and is in contact with Tyr96 (Figs. 1C and
3A). The phosphate group of T5 (PT5) interacts with the side
chain hydroxyls of both Tyr92 and Tyr93, but since it is the
terminal nucleotide with a high degree of ﬂexibility, the
functional signiﬁcance of these contacts is unclear. The thy-
mine-ﬂuorescein linker extending from carbon 5M (ordered
to carbon 8) is extruded into the solvent region and although
density for the remaining linker is absent, the triple ring system
of the ﬂuorescein moiety can be seen to occupy a solvent ex-
posed recess created by residues Phe88, Asn116, Glu118 at
the base of the b-hairpin and residues 67 to 74 in domain 1a
(Fig. 3B). In addition to van der Waals contacts with the sidePT5
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thymine molecule. Analysis of these contacts reveals a high degree of
s donated by Lys67, Ser91, Ser141 and Thr481. Within the b-hairpin,
hymine molecule where tyrosines 92 and 93 donate hydrogen bonds to
rescein triple ring system that is accommodated in a recess created by
se. The mode of recognition is largely non-speciﬁc where van der Waals
nds involving the exocyclic oxygens and side chain moieties of Asn116
6426 T.R. Waters et al. / FEBS Letters 580 (2006) 6423–6427chain moieties of Phe88 and Glu118, the exocyclic oxygens of
the triple ring system make contacts with Asn116 and Ser75.
Both the stem–loop structure and our complex conﬁrm that
a single DNA strand passes behind the b-hairpin. However,
it would be impossible for a damaged nucleotide to be accom-
modated in the b-hairpin/domain 1b interface without sub-
stantial conformational changes in the UvrB molecule. We
believe that our structure represents a UvrB damage detection
complex and that large conformational changes do not occur
when damage is encountered that would allow it to pass under-
neath the hairpin. We and others, have proposed that UvrB
translocates along the DNA passing a single strand beneath
the hairpin whilst moving in a 3 0 to 5 0 direction until it encoun-
ters an adduct [9,11]. As suggested by Truglio et al., [11] we be-
lieve that our structure is consistent with damage recognition
occurring through steric exclusion of the lesion. The inability
to pass behind the b-hairpin would thus cause translocation
to arrest, hence signalling formation of the stable pre-incision
complex, the following step in the reaction mechanism.
Although it has been suggested that UvrA mediates pin open-
ing for the formation of the UvrA–B-DNA complex as part of
its loading mechanism and that this could in principle also be a
factor in lesion recognition [9], it is diﬃcult to envisage how re-
modelling of the region could produce a pocket or recess
appropriately adapted for the task of recognising such a broad
range of adducts. If, as we propose, the damage is simply ex-
truded into the solvent following steric exclusion by the b-hair-
pin, there are potentially few limitations on adduct size or
chemical composition. Furthermore, the role of the b-hairpin
and comprising residues in damage recognition is well estab-
lished [14,4]. In the mechanism proposed by Truglio et al.,
the damaged nucleotide would occupy a position equivalent
to T4 in our complex that is directly 3 0 to the T-ﬂuorescein
nucleotide and whose base is in direct contact with Tyr96 of
the b-hairpin (Fig. 3A). In our structure, it appears that with-
out a substantial change in conformation, T-ﬂuorescein could
not be accommodated favourably in the T4 position owing to
steric clashes between the triple ring system and hairpin base.4. Discussion
Damage detection is one of the most important steps in any
DNA repair mechanism and has been the subject of speculation
in the UvrABC pathway due to the lack of appropriate struc-
tural data. Although the position of the damage has been sug-
gested based on the previous structures and the available
biochemical data [4,11], we report the ﬁrst crystal structure of
a UvrB–DNA damage containing complex that directly ad-
dresses the question of how chemically and structurally dispa-
rate lesions can be recognised. Furthermore, it is the ﬁrst
structural evidence that the b-hairpin is able to associate with
both damaged and undamaged DNA. Our ﬁndings are sup-
ported by the recent studies of Malta et al. [15] who demon-
strate that nucleotides directly 3 0 to the damage are buried
within the UvrB molecule as judged by the ﬂuorescence
quenching of incorporated 2-amino purine. This is entirely con-
sistent with the location of the damage in our complex where
the adjacent nucleotides T4 and T5 are accommodated within
the b-hairpin/domain 1b interface and thus have reduced sol-
vent accessibility. Our complex further reveals that the key to
diverse substrate speciﬁcity lies in the ability of the conservedb-hairpin loop to sterically exclude lesions from the b-hair-
pin/domain 1b interface where the damage is extruded directly
into the solvent region towards the hairpin base. Although
Tyr96, a key residue in damage recognition [14,16,4], is in con-
tact with T4 rather than TF3 in our structure, we suggest that
steric clashes of the ﬂuorescein group of TF3 and/or the ﬂexible
linker in certain conformations with the b-hairpin may make an
analogous interaction unfavourable. The proximity of the dam-
age to the b-hairpin, could thus explain the variations in the
phosphodiester bond cleaved during the 3 0 incision where devi-
ations of up to 3 phosphates have been reported [17]. Given
that the association of the ﬂuorescein group with the solvent
exposed cavity at the hairpin base is largely non-speciﬁc, we
would argue that these interactions are not fundamental to
the exclusion process since conjugated aromatic ring systems
are not components of all UvrABC substrates, but in cases
where they are, may provide an additional level of recognition.
Conversely, the b-hairpin and residues of which it is comprised,
have been shown to have a key role in damage detection by sev-
eral groups making our structure entirely consistent with not
only the broad substrate speciﬁcity exhibited by the UvrABC
pathway, but also its preference for bulky lesions such as
benzo(a)-pyrene adducts, photoproducts and protein/peptide–
DNA crosslinks [4,18]. These adducts would clearly be ex-
cluded from the b-hairpin/domain 1b interface. In keeping with
this, small lesions such as abasic sites and mismatches are inef-
ﬁciently repaired and whilst exclusion is unlikely to be an ele-
ment in their recognition, may represent substrates that either
result in pausing of the translocation process or give rise to
duplexes that are more easily loaded onto UvrB due to local
mispairing. The crystal structure of XPB, the archael/eukaryo-
tic equivalent of UvrB, has recently been reported [19] and
whilst structurally distinct still has to accommodate diverse
lesions. It is possible that XPB uses a similar mechanism relying
on the extrusion of damage into the solvent.Acknowledgements:We thank Dr. Ajit Basak for help with data collec-
tion. This work was funded by a BBSRC Project Grant to T.E.B.References
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